Although necessary for a normal final height in individuals who were born small for gestational age (SGA), catch-up growth is associated with drastic changes in body composition that have been suspected to favor the later development of the long-term metabolic complications by promoting central adiposity; however, the specific contribution of catch-up itself on these later complications remains unclear. Therefore, the aim of the study was to characterize the dynamic changes in adiposity during childhood in individuals who were born SGA and to investigate their consequences on adulthood. The magnitude and the time course of postnatal changes in body mass index (BMI) relative to birth and their consequences on adult adiposity were investigated in 127 adults who were born SGA and had available serial anthropometric data in childhood (0 -6 y) and adulthood. Catch-up in BMI, observed in 91% of individuals who were born SGA, was mostly completed within the first or second year of age. Overall, adult BMI was correlated with the magnitude of gain in BMI during childhood. However, this effect was significant only when this gain persisted after the first year of life. Similarly, the influence of the magnitude in gain in BMI on the risk for adult BMI Ͼ25 kg/m 2 was significantly influenced by the age at which the gain in BMI occurred. In summary, although the extent of catch-up in BMI affects adiposity in adulthood, this effect is mostly deleterious when occurring after 1 y of age, suggesting that a rapid catch-up process should be more suitable than a delayed one. Whether this observation holds through regarding the metabolic syndrome remains to be elucidated. Catch-up growth is a key physiologic process for a normal final height in individuals who were born small for gestational age (SGA) (1,2). However, this complex phenomenon is associated with substantial change in body distribution. Individuals who were born SGA display a peculiar growth pattern of adiposity: severely reduced at birth (3,4), adiposity dramatically increases during the catch-up growth period in children who were born SGA, as evidenced by the noticeably increased body mass index (BMI) during infancy (5,6). Furthermore, it has been shown that children who were born SGA and displayed catch-up growth during infancy showed an increased body fat mass with a more central fat distribution in comparison with children who were born with normal birth size (6). This increased growth velocity of adiposity persists until adulthood, as evidenced by relative increase in BMI (expressed in SDS) from childhood to adulthood, leading to a significantly increased percentage of body fat mass at the age of 25 y in individuals who were born SGA in comparison with control subjects (7, 8) . Catch-up growth has been suspected to favor later development of long-term metabolic complications associated with reduced fetal growth (9 -12). However, not only the extent but also the dynamic changes during childhood in adiposity in individuals who were born SGA may play a crucial role in the determination of the long-term metabolic outcome. Thus, the aims of the present study were 1) to determine the dynamic profiles of adiposity between birth and 6 y of age in individuals who were born SGA, 2) to investigate their relationship with neonatal characteristics, and 3) to evaluate its long-term effect on adult anthropometry. To achieve these goals, we studied postnatal change in BMI from birth to 6 y of age in terms of magnitude and time course in 136 individuals who were born SGA and selected from a maternity registry. Then, we investigated how postnatal change in BMI might influence anthropometric characteristics in adulthood. 
Although necessary for a normal final height in individuals who were born small for gestational age (SGA), catch-up growth is associated with drastic changes in body composition that have been suspected to favor the later development of the long-term metabolic complications by promoting central adiposity; however, the specific contribution of catch-up itself on these later complications remains unclear. Therefore, the aim of the study was to characterize the dynamic changes in adiposity during childhood in individuals who were born SGA and to investigate their consequences on adulthood. The magnitude and the time course of postnatal changes in body mass index (BMI) relative to birth and their consequences on adult adiposity were investigated in 127 adults who were born SGA and had available serial anthropometric data in childhood (0 -6 y) and adulthood. Catch-up in BMI, observed in 91% of individuals who were born SGA, was mostly completed within the first or second year of age. Overall, adult BMI was correlated with the magnitude of gain in BMI during childhood. However, this effect was significant only when this gain persisted after the first year of life. Similarly, the influence of the magnitude in gain in BMI on the risk for adult BMI Ͼ25 kg/m 2 was significantly influenced by the age at which the gain in BMI occurred. In summary, although the extent of catch-up in BMI affects adiposity in adulthood, this effect is mostly deleterious when occurring after 1 y of age, suggesting that a rapid catch-up process should be more suitable than a delayed one. Whether this observation holds through regarding the metabolic syndrome remains to be elucidated. Catch-up growth is a key physiologic process for a normal final height in individuals who were born small for gestational age (SGA) (1, 2) . However, this complex phenomenon is associated with substantial change in body distribution. Individuals who were born SGA display a peculiar growth pattern of adiposity: severely reduced at birth (3, 4) , adiposity dramatically increases during the catch-up growth period in children who were born SGA, as evidenced by the noticeably increased body mass index (BMI) during infancy (5, 6) . Furthermore, it has been shown that children who were born SGA and displayed catch-up growth during infancy showed an increased body fat mass with a more central fat distribution in comparison with children who were born with normal birth size (6). This increased growth velocity of adiposity persists until adulthood, as evidenced by relative increase in BMI (expressed in SDS) from childhood to adulthood, leading to a significantly increased percentage of body fat mass at the age of 25 y in individuals who were born SGA in comparison with control subjects (7, 8) . Catch-up growth has been suspected to favor later development of long-term metabolic complications associated with reduced fetal growth (9 -12). However, not only the extent but also the dynamic changes during childhood in adiposity in individuals who were born SGA may play a crucial role in the determination of the long-term metabolic outcome. Thus, the aims of the present study were 1) to determine the dynamic profiles of adiposity between birth and 6 y of age in individuals who were born SGA, 2) to investigate their relationship with neonatal characteristics, and 3) to evaluate its long-term effect on adult anthropometry. To achieve these goals, we studied postnatal change in BMI from birth to 6 y of age in terms of magnitude and time course in 136 individuals who were born SGA and selected from a maternity registry. Then, we investigated how postnatal change in BMI might influence anthropometric characteristics in adulthood. 478 were born full term. Among these 478 individuals who were born SGA, 127 had available serial anthropometric data during childhood. No significant differences were observed between individuals who participated in the present study and those who did not participate in terms of gestational age, gender, birth weight, and birth length ( Table 1) .
Study design. Birth characteristics were derived from the registry. Postnatal individual body weight and height values at 1, 2, 4, and 6 y of age were collected from each individual health leaflet. Measurements were performed during a medical visit by a physician. Body weight was measured undressed using a portable scale. Body length was measured in supine position until the age of 2 y and standing with a wall-mounted stadiometer thereafter. Adult clinical characteristics were measured at the time of the study. Body weight was measured using an electronic scale. Body height was measured twice with a wall-mounted stadiometer, and the average value was retained in the analysis. Waist circumference was measured at the level of the umbilicus, and hip circumference was measured at the level of the greater trochanter. The study protocol was reviewed and approved by the ethical committee of the University of Paris-St. Louis, and all participants gave written informed consent.
Studied parameters. Total adiposity at birth was estimated by ponderal index (IP: kg/m 3 ) and BMI (kg/m 2 ). Total adiposity from 1 y to adulthood was estimated by BMI. Regional distribution of adiposity in adulthood was estimated by the waist-to-hip ratio.
Considering the respective variability of the measurements, dynamic change in BMI was considered to be significant when the slope of change in BMI between two time points from birth to 6 y of age allowed a magnitude of gain of at least 0.3 SD. Accordingly, the age at the end of significant gain in BMI was the last time point for which the difference in BMI between this point and the previous one was Ͼ0.3 SD. The magnitude of gain in BMI was calculated using the difference in BMI (SDS) over the period for which this change was significant. Catch-up therefore was observed when BMI was ϾϪ1.64 SD at any point in time (corresponding to the crude value of BMI Ͻ10th percentile) and when dynamic change in BMI between two time points was significant.
Adiposity rebound is a physiologic process characterized by the spontaneous increase of adiposity, after the physiologic decrease usually observed between the age of 1 and 4 -6 y (14) . A precocious adiposity rebound is known to be associated with an increased risk for obesity in adulthood (14) . Therefore, the time point after the age of 1 y with the lowest individual crude value of BMI gave the age at adiposity rebound.
Statistical analysis. Statistical analyses were conducted with the use of SAS Software version 8.02 (SAS Institute, Cary, NC). IP at birth and BMI at each age point were transformed into SDS, i.e. the number of SDs by which one measure differs from the mean for a control population. A control group was used as a reference population for anthropometric data and was composed by aged-matched individuals who were born appropriate for gestational age (AGA) and selected from the same population-based registry, including 574 singletons who were born full term, with birth size between the 25th and the 75th percentiles and with available anthropometric data at birth and 1, 2, 4, and 6 y of age.
SDS at birth and in childhood were derived from the population that was born appropriate for gestational age; age-specific reference intervals for childhood anthropometric parameters were estimated by the simplified parametric method of Royston and Wright (15) , in which fractional polynomials in age are fitted simultaneously to median, scale, and skewness of an exponential normal distribution by maximum likelihood.
As the childhood anthropometric data were collected in a retrospective manner in the health leaflet, we tolerated only the values at 4 y of age to be missing, considering the relatively stable evolution of BMI between 2 and 6 y. Missing data were defined "missing at random" and imputed using multiple imputation (PROC MI, SAS). Missing weight and height data at 4 y were imputed at first with 10 iterations (16) . BMI at 4 y was calculated thereafter using the imputed data. Quantitative variables were expressed as median (range) because of skewed distributions. Qualitative variables were expressed as frequency (percentages). Comparisons used 2 or Fischer exact tests where appropriate for qualitative variables and nonparametric ANOVA for quantitative variables. Comparisons of quantitative variables between the groups were performed using the Kruskall-Wallis nonparametric test. The association between two quantitative variables was assessed by the correlation coefficient of Spearman. The relationships between childhood growth parameters and adult anthropometric data were evaluated using the generalized linear model with adjustment on age and gender when necessary. For each model, normality of the residuals distribution and absence of heteroscedasticity were checked. Results of the models were expressed by the slope parameter and its p value. A p Յ 0.05 was considered to indicate statistical significance.
RESULTS
Time course and magnitude of change in BMI and adiposity rebound during childhood. Figure 1 illustrates the evolution of BMI from birth to 6 y of age. At birth, median BMI was Ϫ2.2 SD (Ϫ4.9 -0.4). Thinness at birth in the SGA group was followed by a significant increase in BMI for 115 participants (91%), terminated after the first 2 y of life in most participants. Twelve (9%) participants did not display any significant change in BMI or remained with a BMI below Ϫ1.64 SD over the study period and were considered as having no catch-up in BMI. These participants did not significantly differ from those with catch-up in terms of gestational age [39 wk (37-42) versus 39 wk (37-42); p ϭ 0.51], IP [Ϫ0.9 SD (Ϫ3.0 -0.7) versus Ϫ1.0 SD (Ϫ4.0 -2.3); p ϭ 0.55], and BMI (Fig. 2) . However, they were significantly leaner at 6 y of age (Fig. 2) . Among the 115 participants who were born SGA with significant increase in BMI, the median magnitude of this change was 2.5 SD (0.4 -7.41). This magnitude was inversely and significantly correlated with IP ( ϭ Ϫ0.55, p Ͻ 0.0001) and BMI at birth ( ϭ 0.63, p Ͻ 0.0001). Dynamic change in BMI was no longer significant after the first year of life in 61 (53%) participants, after 2 y of age in 43 (34%) participants, after 4 y of age in 11 (10%) participants, but was still observed at 6 y of age in 4 (3%) participants. Ten of 115 participants displayed negative change in BMI or no change at all within the first year of life. Among these participants, five experienced catch-up during the second year, two displayed significant change in BMI between 2 and 4 y of age, and three displayed significant change in BMI after the age of 4 only. As indicated in Table 2 , the time course of dynamic change in BMI was not influenced by thinness at birth and did not significantly influence the magnitude of gain in BMI as well as the 6-y BMI.
Among the 127 participants who were born SGA, adiposity rebound was observed at 2 y of age in 10 (8%) participants, at 4 y of age in 50 (39%) participants, and at 6 y of age in 67 (53%) participants (Table 3) . The age at adiposity rebound was not influenced by the existence of catch-up between 0 and 6 y of age (p ϭ 0.50). However, early adiposity rebound (2 y of age) was associated with thinness at birth, greater magnitude of change in BMI, and larger BMI at 6 y of age (Table 3) . Moreover, early adiposity rebound was observed in four of 15 (27%) participants for whom significant changes in BMI were still observed after the age of 2 y, in comparison with only five (8%) of 61 participants with change in BMI during the first year only (p ϭ 0.006). Gender had no significant influence on postnatal change in BMI in terms of either magnitude or time course.
Consequences on adult anthropometric parameters. The mean adult age of the study population was 20.1 Ϯ 2.8 y. Thinness at birth expressed by IP or BMI did not affect adult BMI ( ϭ Ϫ0.03, p ϭ 0.69; ϭ 0.04, p ϭ 0.63, respectively) or adult waist-to-hip ratio adjusted for age and gender (␤ ϭ 0.007, p ϭ 0.29; ␤ ϭ 0.0002, p ϭ 0.83, respectively). Whereas the 6-y BMI was significantly reduced in participants who did not catch up in BMI during early childhood, the difference in adult BMI between participants with or without catch-up was reduced and did not reach statistical significance (Fig. 2) . Adult BMI was significantly correlated with the magnitude of gain in BMI in childhood ( ϭ 0.18, p ϭ 0.05) but was not related to the time course of change in BMI (Table 2) . However, the effect of the magnitude of gain in BMI on adult BMI tended to differ according to this time course (p ϭ 0.08); more specific, the magnitude of gain in BMI significantly influenced adult BMI only when changes in BMI occurred or were still significant after the first year of life (Fig. 3) .
As expected, an early adiposity rebound was significantly associated with higher BMI in adulthood ( Table 3 ). The effect of the magnitude of gain in BMI on adult BMI was not significantly influenced by the age at adiposity rebound (p ϭ 0.60).
Among the 127 participants, 19 were overweighed (BMI Ͼ25 kg/m 2 ) and four were obese (Ͼ30 kg/m 2 ) as young adults. The risk for having a BMI Ͼ25 kg/m 2 was not influenced by the existence of catch-up in BMI during childhood (p ϭ 0.34) and the time course of change in BMI (p ϭ 0.40) but was significantly associated with early adiposity rebound (odds ratio 0.7; 95% confidence interval 0.5-1.0; p ϭ 0.04). The magnitude of gain in BMI from birth to 6 y of age was positively associated with the risk for being overweight in adulthood (odds ratio 1.9; 95% confidence interval 1.2-3.0; p ϭ 0.007); however, here again this effect significantly differed according to the time course of change in BMI (p ϭ 0.05) and became significant only when occurring after the age of 1 y.
Dynamic change in BMI both in terms of time course and in terms of magnitude did not influence adult waist-to-hip ratio when age and gender were taken into account (Table 2) . Similarly, age at adiposity rebound did not influence the adult waist-to-hip ratio (Table 3) .
DISCUSSION
As expected, individuals who were born SGA display significant change in BMI during infancy and early childhood to compensate for thinness at birth (5, 6) . It is noteworthy that the spontaneous change in BMI leads to a BMI within the normal range during childhood and adulthood for the majority of the study population, reflecting, therefore, a catch-up process. However, this catch-up is far more pronounced during the first year of life, which is in agreement with previous data demonstrating that weight catch-up precedes length catch-up in children who were born SGA and that the majority of weight deficiency is corrected during the first months of life, whereas length catch-up is more gradual and prolonged until the age of 2-3 y (2,17). However, in our study population, 9% of children did not show any catch-up in BMI from birth to 6 y of age. This lack of catch-up was unexpected because these children were born with comparable thinness as those with catch-up. Consequently, children with no catch-up were severely thin at 6 y of age. No significant association was found between lacks of catch-up in BMI and gestational age in the present study. Therefore, the reason for this lack of catch-up might be linked to the process that leads to thinness at birth during prenatal life or to events that occur during early childhood, such as feeding behavior.
According to the time course of changes in BMI observed in this study population, changes in BMI were no more significant after 1 y of age in more than one of two participants who were born SGA. However, participants for whom gain in BMI ended later did not necessarily display a prolonged catch-up. Indeed, 19% of them showed an initial failure to thrive during the first 1 or 2 y of life. It is interesting that the later the end of gain in BMI occurred, the greater was the proportion of participants in whom significant change in BMI occurred after 1 y of age. Consequently, an older age at the end of significant change in BMI does not necessary reflect results from a persistent weight gain after the catch-up growth period but rather from a delayed catch-up process. It is interesting that the mean adult BMI in the group of participants who did not catch up during childhood did not significantly differ from those who showed catchup, although they were extremely thin at 6 y of age, suggesting once again a delayed catch-up growth process, which likely occurs during puberty. This hypothesis was strengthened by several observations of significant weight and height gain between the ages of 8 and 14 y in individuals who were born with extremely low birth weight (18, 19) . What influences the time course of postnatal gain in BMI still remains unclear, because it is not influenced by body proportion at birth. Moreover, no significant association was found between this time course and the magnitude of gain in BMI, suggesting that factors that control for the magnitude of change in BMI are independent of the timing of this process.
One of our aims was to investigate the consequences of postnatal changes in BMI on body proportion in adulthood. We demonstrate in the present study that this process influences adult anthropometry. The magnitude of catch-up in BMI occurring in early childhood was significantly correlated with 246 adult BMI. This observation is in agreement with previous data demonstrating that catch-up in weight during childhood was associated with obesity later in life (6, 9) . Our results also suggest that the magnitude of catch-up increases the risk for obesity in individuals who were born SGA. This therefore would explain the association between restricted fetal growth and adult obesity occasionally reported (20) . The more striking observation is that the detrimental effect of the extent of gain in BMI during childhood on adult adiposity is visible only when postnatal change in BMI is prolonged or delayed. This effect is even blunted in individuals who displayed no more significant change in BMI after the age of 1 y. This observation is supported by the study of Bhargava et al.(21) , who demonstrated in an Indian population that low BMI during the first 2 y of life was followed by an accelerated increase in BMI until adulthood that leads to increased adiposity in early adulthood, whereas no significant association was clearly evidenced with thinness at birth alone (21, 22) . Taken together, these observations strongly suggest that catch-up in BMI is not necessarily deleterious, provided that it occurs early during infancy. An attractive hypothesis might explain this clinical observation. Normally, BMI dramatically increases during the first year of life, whereas it decreases thereafter until the adiposity rebound, which generally occurs between the ages of 4 and 6 y (14) . It has been shown that early adiposity rebound (2 y of age), which reflects an increased BMI during a period normally characterized by a decreased or stable BMI, has adverse anthropometric and metabolic effects in adulthood (21, 22) . Similarly, we observed that gain in BMI after 2 y of age seems to have adverse effects in adulthood; it therefore can be speculated that catch-up in BMI might not be deleterious when restricted to a period of spontaneous increase in adiposity.
No significant association between thinness at birth and adult adiposity at the age of 20 y could be observed in this study population, yet it must be pointed out that thinness at birth was associated with earlier adiposity rebound, which increases adult BMI and the risk for obesity on the one hand and was correlated with the magnitude of gain in BMI that also favors adult adiposity and obesity on the other hand. This observation holds true whether thinness at birth is estimated by BMI, which allows a similar estimate throughout the study period, or by IP, which is more appropriate to newborns. This suggests that the prenatal process that leads to thinness at birth might have a strong influence on the postnatal growth pattern and emphasizes that this process must be taken into account to understand fully the long-term effect of the catch-up growth process.
CONCLUSION
In summary, we have shown in our study population that the extent of postnatal gain in BMI in early childhood affects adiposity in adults who were born SGA. However, the magnitude of this effect is strongly influenced by the age at which it takes place. Moreover, our results strongly suggest that clinical practitioners should not fear a rapid catch-up growth process but rather a delayed one. Whether this observation would also apply to the metabolic syndrome and, more specific, to insulinresistance associated with restricted fetal growth remains to be elucidated.
